Electronic, optical and thermal properties of the hexagonal and rocksalt-like Ge2Sb2Te5 chalcogenide from firstprinciple calculations J. Appl. Phys. 110, 063716 (2011) Pressure-induced phase transformations during femtosecond-laser doping of silicon J. Appl. Phys. 110, 053524 (2011) Effect of deposition parameters and semi-empirical relations between non-linear refractive index with linear refractive index and third order susceptibility for a-Ge20Se70-xIn10Bix thin films J. Appl. Phys. 110, 043108 (2011) Two-dimensional orientation control of organic semiconducting amorphous films by mechanical brushing APL: Org. Electron. Photonics 4, 153 (2011) Two-dimensional orientation control of organic semiconducting amorphous films by mechanical brushing Appl. Phys. Lett. 99, 053303 (2011) Additional information on J. Appl. Phys. We report on the synthesis of amorphous copper tungsten oxide thin films with tunable band gaps. The thin films are synthesized by the magnetron cosputtering method. We find that due to the amorphous nature, the Cu-to-W ratio in the films can be varied without the limit of the solubility ͑or phase separation͒ under appropriate conditions. As a result, the band gap and conductivity type of the films can be tuned by controlling the film composition. Unfortunately, the amorphous copper tungsten oxides are not stable in aqueous solution and are not suitable for the application of photoelectrochemical splitting of water. Nonetheless, it provides an alternative approach to search for transition metal oxides with tunable band gaps.
I. INTRODUCTION
Transition metal oxide materials for photoelectrochemical ͑PEC͒ splitting of water have received extensive study [1] [2] [3] [4] since the discovery of photocatalytic decomposition of water on TiO 2 electrodes. 5 However, most of the transition metal oxides investigated for PEC water splitting, such as WO 3 and TiO 2 , have rather wide band gaps due to the low-lying valence band ͑VB͒ derived from the oxygen 2p orbital. The wide band gaps exclude the materials to absorb visible light, a significant fraction of sun light, resulting in poor solar-tohydrogen conversion efficiencies under terrestrial conditions. Furthermore, oxides with wide band gaps are typically n-type. For the application of water splitting, the use of both n-type and p-type semiconductors is often desirable. 6 Therefore, it is necessary to search for new transition metal oxides that may exhibit p-type conductivity, but can still meet the band gap criteria, i.e., in the range of 1.6 to 2.2 eV.
In our previous work, we proposed overcoming the above issues by incorporating transition metals with shallow d orbitals and have synthesized band gap-narrowed p-type ZnO thin films and tested their PEC performance. [7] [8] [9] [10] However, the band gap reduction that can be achieved by this approach is limited by the solubility of the incorporated elements in the host oxide materials. Although we have shown that solubility can be enhanced by passive coincorporation of donorlike and acceptorlike elements, 2,9,11 the solubility can principally still limit the achievable band gap reduction.
In this paper, we propose to overcome the solubility limit by synthesizing amorphous transition metal oxide thin films. The formation of an amorphous phase under appropriate conditions can effectively prevent phase separation, which allows us to incorporate a desired element at any concentration, indicating that the band gap may be tuned. We demonstrate the synthesis of band gap-reduced amorphous copper tungsten ͑a-Cu-W͒ oxides for the PEC cells using radio frequency ͑rf͒ magnetron sputtering at low temperature. We chose Cu and W because WO 3 is one of the most studied oxide electrodes for PEC water splitting 12 and Cu has shallow d orbitals. Crystalline CuWO 4 typically exhibits n-type conductivity. 13, 14 Our results confirm that the band gap of amorphous Cu-W ͑a-Cu-W͒ oxide films can be tuned by adjusting the Cu-to-W ratio and the conductivity exhibits p-type behavior. Unfortunately, the a-Cu-W oxides are not stable in aqueous solution as WO 3 dissolves in all tested electrolytes. The p-type response observed in alkaline electrolytes may be due to the dissolution of WO 3 from the amorphous film, leaving the surface enriched in p-type copper oxides. Nonetheless, it provides an alternative approach to search for transition metal oxides with tunable band gaps.
II. EXPERIMENTAL
The a-Cu-W oxide films were deposited by reactive cosputtering of metallic Cu and W targets. F-doped SnO 2 ͑FTO͒ ͑20-23 ⍀ / cm͒ coated transparent glass was used as the substrate. The distance between the targets and substrate was 8 cm. The base pressure was below 1.3ϫ 10 −4 Pa, and the working pressure for all syntheses was 1.3 Pa, which was controlled by a throttle valve and measured with a Baratron ® capacitance manometer. Argon was used as the sputtering gas and oxygen was added as the reactive gas. The mass flow rate ratio of O 2 / ͑O 2 +Ar͒ was 2.5/7. The substrates were kept at low temperature below 100°C during the sputtering to avoid crystallization. The film thickness for all samples was controlled to about 1 m as measured by stylus profilometry. The Cu-to-W ratio was controlled by adjusting the rf powers applied to the Cu and W targets. The composition of the sputtered films was analyzed by energy-dispersive x-ray spectroscopy ͑EDS͒. The amorphous nature of the synthesized films was characterized by x-ray diffraction ͑XRD, XGEN-4000, SCINTAG, Inc.͒, operated with a Cu K␣ radiation source at 45 kV and 36 mA. The ultraviolet-visible ab- sorption spectra of the samples were measured by an n&k analyzer 1280 ͑n&k Technology, Inc.͒. The surface morphology was examined by scanning electron microscopy ͑SEM, Nova NanoSEM 630, FEI Inc.͒. Because the films were grown on FTO-coated glass, measurements of electrical property by the Hall effect were not possible. Instead, electrical property is obtained from PEC measurement. PEC measurements were performed in a three-electrode cell with a flat quartz-glass window to facilitate illumination to the photoelectrode surface. The sputter-deposited films were used as the working electrodes with an active surface area of about 1.2 cm 2 . Pt mesh and a Ag/AgCl electrode were used as counter and reference electrodes, respectively. More details are described in our earlier publication. 15 A pH 13 NaOH solution and a pH 2 H 2 SO 4 solution were used as the electrolytes to gauge the stability of each sample.
III. RESULTS AND DISCUSSION
Three different samples were synthesized by varying the rf powers of the Cu and W targets. Sample A was deposited by cosputtering with a rf power of 80 W and 120 W on the Cu and W targets, respectively. Sample B was cosputtered with switched rf powers, 105 W applied on the Cu and 95 W on the W target. Sample C was cosputtered with rf power of 120 W on the Cu target and 80 W on the W target. EDS data indicate that sample A is W rich with a Cu-to-W ratio ͑atomic͒ of about 1:3; sample B is slightly Cu rich with a Cu-to-W ratio of about 1.1:1; sample C is Cu rich with a Cu-to-W ratio of about 2.5:1. Figure 1 shows the XRD spectra of the three sputtered copper tungsten oxide films and a bare FTO substrate was used as a comparison. Only the peaks corresponding to FTO are seen, indicating that the three sputtered copper tungsten oxide films are amorphous Cu-W oxides. It can be attributed to the low-temperature process during the deposition. The resistivity of the films depends critically on the Cu-to-W ratio. Film A, i.e., W-rich, has a high resistivity, more than 10 7 ⍀ / cm. Films B and C, which are Cu rich, exhibit much lower resistivity, in the range of about 10 3 -10 4 ⍀ / cm. Our explanation is that the VB of a-Cu-W oxides is determined by Cu 3d orbitals and the conduction band is mainly determined by W 5d orbitals. Cu-rich films should have much higher VBs than Cu-poor films due to the band broadening of Cu 3d states, leading to smaller band gaps. It is known that the band gap and band-edge positions of a semiconductor control its conductivity nature. For example, if a semiconductor has a large band gap, it can usually be doped either n-type or p-type, but not both due to Fermi level pinning and self compensation. 16 The reduction in band gap enhances the possibility of bipolar doping. The high-lying VB favors the p-type conductivity and low-lying conduction band favors n-type conductivity. Therefore, as the Cu-to-W ratio increases, the CuW oxide would favor more p-type conductivity. The holes are usually caused by cation ͑here, Cu͒ vacancies.
17 Figure 2 shows the squared optical absorption coefficients of sputtered a-Cu-W oxide films plotted versus photon energy. The calculation of the absorbance-subtracting substrate effect was described in our previous publication. 8 The crystalline CuWO 4 has a triclinic structure and an indirect band gap. The measured optical band gap for CuWO 4 is about 2.3 eV. 18 Unlike crystalline materials, amorphous materials do not have the band structure due to the lack of periodicity. The low symmetry also ensures some transitions between band edges. Thus, to extract the optical band gaps from optical absorption spectra, direct gap is commonly considered for amorphous materials. A good example is the band gap measurement for amorphous Si. From Fig. 2 , the band gaps for samples A, B, and C are estimated to be 2.63, 2.05, and 1.88 eV, respectively. The trend of the fundamental band gaps correlates very well with the Cu-to-W ratios, i.e., 1:3 for sample A, 1.1:1 for sample B, and 2.5:1 for sample C. We have synthesized Cu-W oxides with various Cu-to-W ratios. Their band gaps ͑not shown͒ follow the same trend. The fundamental band gaps correspond to the transition between the Cu 3d-derived VB and W 5d-derived conduction band. We should point out that though a direct band gap nature is assumed for band gap extraction, the amorphous Cu-W oxide materials and its crystalline CuWO 4 have the following difference. ͑1͒ Due to the lack of periodicity, the carrier mobility of amorphous Cu-W oxide materials is expected to be much lower than that of crystalline CuWO 4 . ͑2͒ Amorphous Cu-W oxide materials naturally contain a high density of defects, which introduce additional optical absorption. They correspond to the significant absorption tails in the measured optical absorption coefficients. In water splitting, these tail states may determine the mobility edges, which are critical for driving the hydrogen and oxygen evolution reactions. These are the disadvantages for amorphous materials. However, amorphous materials have advantages such as tunable band gaps and electrical properties and low-cost. PEC measurement of sputtered a-Cu-W oxide films was carried out and the results are shown in Fig. 3 . Sample A was tested in the acidic electrolyte instead of basic electrolyte used for the samples B and C because sample A tended to dissolve in the basic solution. As shown in Fig. 3͑a͒ , sample A exhibited nearly indiscernible photoresponse under visible-light illumination. Samples B and C exhibited cathodic photocurrent and the photocurrent increases with the applied negative potential in the basic solution indicating p-type behavior, which is distinctly different from typical crystalline CuWO 4 materials ͑n-type͒. However, all the samples were found to be unstable. The p-type response in basic solution could be due to the dissolution of W from the films leaving enriched p-type copper oxides. Because of the instability, we were not able to measure the Mott-Schottky plots, which are necessary for obtaining the carrier concentration. Figures 3͑b͒ and 3͑c͒ compare the photoresponse of these two films with potential sweep merely in the negative range. Compared to sample B, the photocurrent generated by sample C, which had more copper content, was higher. This could be due to their band gaps ͑Fig. 2͒ because sample C has a smaller band gap than sample B and should harvest more visible light. However, we point out that during the measurements the actual band gaps of the samples should change and may differ from their originally measured optical band gaps because these samples are not stable in basic electrolyte. It is known that WO 3 dissolves in basic electrolyte by forming the soluble tungstic ion ͑WO 4 2− ͒.
19 Therefore, it is also possible that the higher photocurrent observed in sample C is because it started with a higher copper content and the degraded sample has a greater amount of copper oxides left over. Figure 3͑d͒ shows the current-voltage ͑I-V͒ curve of sample B with potential sweeping from the positive range to the negative range in the basic electrolyte. A broad reduction peak, circled in Fig. 3͑d͒ , appears around 0.3 V. In addition, a huge photocurrent increase by at least one order of magnitude ͓e.g., Figs. 3͑b͒ and 3͑d͔͒ was observed in the negative potential range. This behavior is also found in almost all of other a-Cu-W oxide films in the basic electrolyte under positive potentials. This is most likely due to photocorrosion in positive potentials in the high pH electrolyte. The high density of defects may be responsible for the corrosion. We also speculate that after corrosion, a regrowth process may occur under negative potentials and the regrown material such as copper oxides could be responsible for increased photocurrent.
We then investigated by SEM the corrosion at positive voltage scan and possible regrowth at negative voltage scan in high pH electrolyte. Figure 4͑a͒ shows SEM image of an as-deposited a-Cu-W oxide film ͑120 W on Cu target and 80 W on W target͒ with dense grain structure. Each grain bundle ͑from 200 to 400 nm in diameter͒ consists of small grains with various sizes from 30 to 100 nm in diameter. A series of potential scans were carried out with this sample. First, the film was divided into two identical pieces, and to these two sample pieces were applied one potential scan from 0.3 to Ϫ0.5 V versus Ag/AgCl at 5 mV/s in pH 13 NaOH solution under visible-light illumination. Figure 4͑b͒ shows an SEM image obtained from a film after one potential scan. It clearly shows that the film became rougher after the potential scan and large cracks developed along with the boundaries, indicating corrosion occurring during the potential scan. EDS analysis ͑not shown here͒ indicated that the Cu-to-W ratio increased significantly after the potential scan. In the next step, a second potential scan, the same as the first one, was carried out on these two identical samples. Figure 4͑c͒ shows the SEM image of the film morphology after the second potential scan. As compared to Fig. 4͑b͒ , the film became even rougher and the grain structure was totally transformed into a porous carpet structure. Tungsten was almost undetectable by EDS in the film at this stage. Finally, constant potentials of 0.3 V and Ϫ0.3 V versus Ag/AgCl were applied to the two samples, respectively, for 10 min. Figure 4͑d͒ shows an SEM image obtained from the sample under constant positive potential of 0.3 V versus Ag/AgCl. The barren and rough surface in the figure indicates that the film was quickly corroded away under positive bias. No W was detected by EDS. Our observation suggests that photocorrosion under positive potentials begins with W depletion. The dissolution of W is much faster than that of Cu. This observation may provide guidance for surface treatment or synthesis of new amorphous oxides to prevent photocorrosion. Figure 4͑e͒ , on the other hand, showed the SEM image of the other film that was applied by constant negative potential of Ϫ0.3 V versus Ag/AgCl for 10 min and exhibited different structures. It is seen that nanowires up to 6 m were grown in "windmilllike" groups with the bottom bonded together. We speculated that the initial carpet structure, as in Fig. 4͑c͒ after the second potential scan, was likely to be the early stage of these large windmill nanowires. EDS identified those nanowires as copper oxides. The nanowire growth was observed exclusively in samples with applied negative potential. The growth mechanism, morphology, and PEC properties of these copper oxides nanowires will be discussed elsewhere.
IV. CONCLUSION
In conclusion, we synthesized a-Cu-W oxide thin films by rf sputtering. The Cu-to-W ratio was controlled by varying the rf powers on the Cu and W targets. Optical measurement showed that we were able to tune the band gap and light absorption by varying the Cu-to-W ratio. Unfortunately, these oxides are not stable in any aqueous solutions, making them unsuitable for any PEC application. We found that in the high pH electrolyte, a-Cu-W oxide underwent corrosion at positive potentials and regrowth of copper oxide at negative potentials. Nonetheless, our results suggest an alternative approach to search for metal oxides with tunable band gaps.
